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ABSTRACT
We present abundance ratios for O, Na, Si Ca, Ti, Cr, and Ni with respect to Fe in
a sample of stars with a wide range in luminosity from luminous giants to stars near the
turno in a globular cluster. Our sample of 25 stars in M71 includes 10 giant stars more
luminous than the RHB, 3 horizontal branch stars, 9 giant stars less luminous than the
RHB, and 3 stars near the turno. The analyzed spectra, obtained with HIRES at
the W. M. Keck Observatory, are of high dispersion. We nd that the iron peak and
the α−element abundance ratios show no trend with Teff , and low scatter around the
mean. The α−elements Si and Ti are overabundant relative to Fe, while [Ca/Fe] is near
solar. [Na/Fe] and [O/Fe] show higher scatter than the rest of the abundance ratios
analyzed here. The scatter is real and due to star to star abundance variations. The
[Na/Fe] versus [O/Fe] anticorrelation, observed in other metal poor globular clusters, is
just marginally detected in our sample in M71 stars, and consistent with earlier results
of ten giant stars from Sneden et al. (1994). An anticorrelation among the stars near
the main sequence turn o is not clear. The oxygen poor, Na rich stars observed in M5
and in M13 are not present in our sample of M71 stars.
Subject headings: globular clusters: general | globular clusters: individual (M71) |
stars: evolution { stars:abundances
1. INTRODUCTION
Abundance determinations of stars in Galactic globular clusters can provide valuable informa-
tion about important astrophysical processes such as stellar evolution, stellar structure, Galactic
chemical evolution and the formation of the Milky Way. Surface stellar abundances of C, N, O,
and often Na, Mg, and Al are found to be variable among red giants within a globular cluster. The
1Based on observations obtained at the W.M. Keck Observatory, which is operated jointly by the California
Institute of Technology, the University of California, and NASA.
2Palomar Observatory, Mail Stop 105-24, California Institute of Technology.
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physical process responsible for these star-to-star element variations is still uncertain (?, see )Paper
I]coh01.
In order to study the origin of the star-to-star abundance variations, we have started a program
to determine chemical abundances of the nearer galactic globular cluster stars. Cohen et al. (2001)
presents the sample of stars in M71, the nearest globular cluster reachable from the northern
hemisphere, and the atmosphere parameters of the program stars. Our second paper (?)Paper
II]ram01 discusses the iron abundance in M71. Our sample includes stars over a large range in
luminosity: 19 giant stars, 3 horizontal branch stars, and 3 stars near the main sequence turno,
in order to study in a consistent manner red giants, horizontal branch stars, and stars at the main
sequence turno. We found that the [Fe/H] abundances from both Fe I ([Fe/H] = −0.710.08) and
Fe II ([Fe/H] = −0.84  0.12) lines agree with each other and with earlier determinations (Cohen
1983; Gratton et al. 1986; Leep et al. 1987; Sneden et al. 1994). We also found that the [Fe/H]
obtained from Fe I and Fe II lines is constant within the rather small uncertainties for this group
of stars over the full range in eective temperature (Teff ) and luminosity. In this third paper of
this series, we present our results for abundances of O, Na, Si, Ca, Ti, Cr, and Ni in our sample of
M71 stars. Paper IV will discuss the remaining elements, many of which require the inclusion of
hyperne structure.
2. ANALYSIS
The abundance analysis is done using a current version of the LTE spectral synthesis program
MOOG (Sneden 1973). A line list specifying the wavelengths, excitation potentials, gf{values,
damping constants, and equivalent widths for the observed lines is required. The provenance of the
equivalent widths, gf{values and damping constants are discussed below.
In addition, a model atmosphere for the Teff and surface gravity (log(g)) appropriate for
each star and a value for the microturbulent velocity (ξ) are also required for the abundance
analysis. We use the grid of model atmospheres from Kurucz (1993b) with a metallicity of
[Fe/H] = −0.5 dex, based on earlier high dispersion iron abundance analysis of M71 (?)Paper
II]coh83,gra86,lee87,sne94. Teff and log(g) are derived from the photometry of the stars as de-
scribed in Paper I. The photometric Teff has an internal error of  0.1 dex and a total error of
75 K for giants and 150 K for dwarfs and log(g) has an error of 0.2 dex. The microturbulent
velocity is derived as described in Paper II, ξ has an error of 0.2 km s−1.
2.1. Equivalent Widths
The search for absorption features present in our HIRES data and the measurement of their
equivalent width (Wλ) was done automatically with a FORTRAN code, EWDET, developed for
this project. Details of this code and its features are described in Paper II. The line list identied
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and measured by EWDET is then correlated to the list of suitable unblended lines with atomic
parameters to specically identify the dierent atomic lines. In paper II, we derived the λD−Wλ
relation of the Fe I lines of \the weak line set" (Fe I lines within two sigma levels of the λD−Wλ t,
Wλ < 60 mA, and errors less than a third of the Wλ). We used these λD−Wλ relations to determine
\the good line set" (lines with errors less than a third of the Wλ and with Wλ computed from the
derived λD−Wλ relations). The Wλ of the lines presented in this paper are also determined using
the t to the λD−Wλ relation of the Fe I lines of \the good line set", except for the O I and Ca I
lines. The equivalent widths of the O I lines were measured by hand, since thermal motions become
important at its low atomic weight and the λD−Wλ relations derived for Fe I lines are no longer
valid. For Ca I lines, we used the equivalent widths measured automatically by EWDET, but
did not force them to t the Fe I λD−Wλ relationship due to the probable dierence in damping
constant. Many of the Ca I lines were strong enough to be in the damping part of the curve of
growth. The Wλ used in the abundance analysis are listed in Table 1 (available electronically),
which also includes the Wλ for the Fe I and Fe II lines used in Paper II.
2.2. Transition Probabilities
Transition probabilities for the lines used in this analysis were obtained from the NIST Atomic
Spectra Database (NIST Standard Reference Database #78, see Weise et al. (1969); Martin et al.
(1988); Fuhr et al. (1988); Weise et al. (1996)) when possible. Nearly 80% of the lines selected
as suitable from the HIRES spectra have transition probabilities from NIST. For the remaining
lines the gf{values come from the inverted solar analysis of Thevenin (1989, 1990), corrected by
the factors listed in Table 2 which are needed to place both sets of transition probabilities onto
the same scale. The correction factor was computed as the mean dierence in log(gf) between the
NIST and solar values for the lines in common, which number is given in column 2 of Table 2. All
O I, Na I and Si I lines used here have transition probabilities from the NIST database.
2.3. Damping Constants
Most of the Na I and Ca lines are strong enough for damping eects to be important. For
Na I the interaction constants, C6, of the van de Waals broadening were taken from the solar
analysis of Baumu¨ller et al. (1998). Smith & Raggett (1981) studied collisional broadening of 17
Ca I lines. Comparing their experimental results and the theoretical C6 obtained using the Unso¨ld
approximation, we found that the experimental C6 are about 10 times larger than the Unso¨ld C6.
Thus for the Ca I we used the experimental C6 from Smith & Raggett (1981) when available,
otherwise we use 10 times the Unso¨ld approximation. For the lines of the rest of the elements we




Given the stellar parameters from Paper I, we determined the abundances using the equivalent
widths obtained as described above. We employ the grid of stellar atmospheres from Kurucz (1993b)
to compute the abundances of O, Na, Si, Ca, Cr, Ti, and Ni using the four stellar atmosphere models
with the closest Teff and log(g) to each star’s parameters. The abundances were interpolated using
results from the closest stellar model atmospheres to the appropriate Teff and log(g) for each
star. The abundance ratios, with the exception of [O/Fe], are computed using the iron abundance
from Fe I lines of Paper II, and the solar abundance ratios from Anders & Grevesee (1989). The
computed abundance ratios are listed in Table 3. For O, we computed the abundance ratio from
[O I] lines using the [Fe/H] from Fe I lines. Given their high excitation potentials, abundance ratio
for the permitted lines was computed using the [Fe/H] from Fe II lines.
There are 14 stars with equivalent widths measured for both the forbidden and the permitted
O lines. The dierence of the oxygen abundance ratio from forbidden and permitted lines for those
14 stars is plotted against Teff in Figure 1. A clear trend with Teff is observed, which may come
from the dierent excitation potential of the forbidden and permitted lines or non-LTE eects that
aect the permitted lines. We tried applying the non-LTE corrections suggested by Gratton et
al. (1999) to the permitted lines, but the observed Teff trend becomes even steeper. Since the
forbidden lines are usually considered to give more reliable abundances (?, see ) and references
within]mel01, we corrected the abundance ratio from the permitted lines by the amount given by
the least squared t shown in Figure 1. The nal [O/Fe] listed in Table 3 is the average of the
results from the forbidden and the corrected permitted lines.
The abundance ratios are plotted against the photometric Teff in Figures 2 to 8. The error
bars shown in Figures 2 to 8 correspond to the standard deviation of results of dierent atomic
lines divided by the square root of the number of lines used for each star. The solid line, shown in
Figures 2 to 8, is a linear t weighted by the errors of the respective abundance ratio versus Teff .
The dashed line, shown in Figures 2 to 8, indicates the mean abundance ratio and its respective
error plotted as an error bar at 3925 K. The mean abundance ratios are listed in column 2 of Table
4.
We estimate the sensitivity of the abundance ratios with respect to the stellar parameters in
three cases 4250/1.0/1.0, 5000/2.5/1.0 and 5500/4.0/1.0, where the three numbers correspond to
Teff/log(g)/ξ. These span the relevant range of atmospheric parameters for our M71 sample. The
results are listed in Table 5, where the range adopted for each parameter is representative of its
uncertainty. The most sensitive abundance ratio is [O/Fe], whose Teff dependence is large because
of the high excitation of the permitted lines. [Ca/Fe] also has a sensitive dependence on Teff and




The abundance ratios of [Cr/Fe] and [Ni/Fe] follow the behavior of iron as expected, showing no
signicant trend with Teff , and low scatter around the mean. The mean <[Ni/Fe]>=+0.130.06
is consistent with the earlier results of Sneden et al. (1994), who analyzed high resolution spectra
of ten giant stars in M71, obtaining <[Ni/Fe]>=+0.070.04.
4.2. α− elements
We nd that the α− elements Si and Ti are overabundant relative to Fe, while Ca is near solar.
Our mean <[Ti/Fe]>=+0.360.08 and <[Si/Fe]>=+0.210.09 are very similar to the results of
Sneden et al. (1994) in ten M71 giant stars (<[Ti/Fe]>=+0.480.04, <[Si/Fe]>=+0.310.04) Our
<[Ca/Fe]>=+0.030.05 is slightly lower than the value of Sneden et al. (1994) (<[Ca/Fe]>=+0.130.03),
but similar to the Ca abundance ratio found by Brown & Wallerstein (1992) in four giants in 47
Tuc, which has a similar iron abundance to M71 (<[Fe/H]>=-0.8), of <[Ca/Fe]>=+0.060.05.
The α− element abundance ratios show no signicant trend with Teff , and low scatter around the
mean.
4.3. Sodium and Oxygen
We found that the oxygen and sodium abundance ratios behave dierently than the abundance
ratios of other elements included in this paper. The scatter in [Na/Fe] and [O/Fe] versus Teff is
bigger than that of the same relationship for other all elements examined this far. We averaged
the slopes of the abundance ratios of Si, Ca, Ti, Cr, and Ni versus Teff , giving a mean slope of
{4.410−5K/dex, and we calculated the scatter around the mean slope to quantify the dierence
between [Na/Fe] and [O/Fe] and the rest of the analyzed elements. The results are in column 3
of Table 4. A scatter of 0.07 is representative of the measurement errors present in the data. The
scatter in [Na/Fe] is slightly higher than the measurement errors, but the scatter in [O/Fe] is over a
factor of two higher than the measurement errors. The higher scatter seen in [Na/Fe] and [O/Fe] is
due to star to star abundance variations as is shown in Figure 9, where we compare the strength of
the Na I and O I lines between two stars of similar stellar parameters. These two stars are marked
with open squares in Figures 2 and 3, and represent the extremes of the O abundances in the M71
sample.
To explore the presence of an anticorretion between [Na/Fe] and [O/Fe] similar to the one
observed in other metal poor globular clusters we construct Figure 10. Our data are indicated by
lled symbols, where triangles are red giants brighter than the HB, circles are HB stars, squares
are red giants fainter than the HB and the stars near the main sequence turno are denoted by
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"stars". The scatter in this Figure prevents us from seeing a clear anticorrelation, even though the
star with the highest [O/Fe] (1{60) has a low [Na/Fe] and the star with lowest [O/Fe] (2{160) has
an intermediate [Na/Fe]. Note that both, 1{60 and 2{160, are red giants stars fainter than the HB.
In Figure 10, we also include the earlier results for ten giant stars from Sneden et al. (1994), shown
in open circles. All their stars are brighter than the HB and behave similarly to our red giants
brighter than the HB. Our observed range in [Na/Fe] is similar to the range observed by Sneden
et al. (1994), but our range in [O/Fe] is twice as big. It is not clear if an anticorrelation is present
among the stars near the main sequence turn o, due to the large errors in the abundance ratios
obtained for the small sample of such stars.
In Figure 11, we compare our determinations of Na and O abundances for red giant and HB
stars in M71 with the results from other metal poor globular clusters, 47 Tuc (Brown et al. 1990;
Brown & Wallerstein 1992), M4 (Ivans et al. 1999), M5 (Ivans et al. 2001), NGC 6752 (Gratton et
al. 2001), M3 (Kraft et al. 1993), M10 (Kraft et al. 1995), M13 (Kraft et al. 1993), and NGC 6397
(Gratton et al. 2001). The only three clusters that show a clear anticorrelation are M5 ([Fe/H]{
1.2), NGC 6752 ([Fe/H]{1.4), and M13 ([Fe/H]{1.5). The sample of stars in NGC 6752 observed
and analyzed by Gratton et al. (2001) contains three subgiants and seven turn o main sequence
stars. The oxygen poor, Na rich stars found in M5, NGC 6752, and M13 are just not present in our
sample of M71 stars. M4 ([Fe/H]{1.2) has a similar [Na/Fe] versus [O/Fe] relationship as M71
does in terms of abundance ratio ranges and scatter.
5. CONCLUSIONS
We present results of a high dispersion analysis of O I, Na I, Si I, Ca I, Ti I, Cr I, and Ni I lines
to obtain abundance ratios for 25 members of the Galactic globular cluster M71. Our sample of
stars includes 19 giant stars, 3 horizontal branch stars, and 3 stars near the turno. Our conclusions
are summarized as follows:
 The iron peak abundance ratios [Cr/Fe], and [Ni/Fe] show no trend with Teff , and low scatter
around the mean.
 The α−elements Si and Ti are overabundant relative to Fe, while [Ca/Fe] is near solar. The
scatter about the mean is small.
 The abundance ratios of [Na/Fe] and [O/Fe] show higher scatter than the rest of the abun-
dance ratios analyzed here. The scatter is real and due to star to star abundance variations.
 The [Na/Fe] versus [O/Fe] anticorrelation is just marginally detected in our sample in M71
stars, and consistent with earlier results for ten giant stars (Sneden et al. 1994). An anticor-
relation among the stars near the main sequence turn o is not clear.
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 The oxygen poor, Na rich stars found in M5, NGC 6752, and M13 are not present in our
sample of M71 stars.
At this point is not possible to rule our either of the leading hypothesis for the abundance
variations present in globular cluster. We hope to have a better understanding of these issues after
the analysis of similar spectra taken for a sample of stars in M5 and in M13.
The entire Keck/HIRES user communities owes a huge debt to Jerry Nelson, Gerry Smith,
Steve Vogt, and many other people who have worked to make the Keck Telescope and HIRES a
reality and to operate and maintain the Keck Observatory. We are grateful to the W. M. Keck
Foundation for the vision to fund the construction of the W. M. Keck Observatory. We are grateful
to the National Science Foundation for partial support under grant AST-9819614 to JGC.
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Table 1. Equivalent Widths (mA)a
Ion λ(A) χ (eV) log(gf) 1−45 I 1−66 1−64 1−56 1−95 1−81 1−1 1−80
O I 6300.304 0.000 −9.780 69.4b 72.8c 55.5b 70.0b 34.1c 40.6b 45.4b 25.6c ...
O I 6363.776 0.020 −10.300 42.0b 33.9b 25.8b 36.4b 18.0c 14.2c 17.2b ... ...
O I 7771.944 9.150 0.369 ... ... 20.1c 28.3b ... 27.0b 26.4b 31.3b 77.4b
O I 7774.166 9.150 0.223 ... 22.8c 23.2c 24.5c ... 34.5b 26.4c 24.0c 63.1b
O I 7775.388 9.150 0.001 ... 14.5b 11.3c 18.3c ... ... ... ... 35.8b
Na I 5682.633 2.100 −0.700 159.9b 130.6b 137.0b 123.8c 121.5b 105.0b 106.8b 106.4b 66.1c
Na I 5688.193 2.100 −0.420 159.5b 134.3b 146.3b 141.0b 131.5b 125.5b 129.3b 125.3b 84.4b
Na I 6154.225 2.100 −1.530 108.2b 60.4b 72.3b 64.5b 52.8b 43.0b 47.3b 48.4b 7.0c
Na I 6160.747 2.100 −1.230 136.6b 91.1c 101.3b 93.3b 89.5b 64.3b 71.2b 68.6b 27.6b
Si I 5645.611 4.930 −2.140 ... ... ... ... ... ... ... ... ...
Si I 5665.554 4.920 −2.040 39.5b 44.5b 45.7b 46.9b ... 43.0b 39.1b 39.0b 33.9b
Si I 5690.427 4.930 −1.870 45.1b 49.7b 49.5b 50.4b 63.2b 51.6b 51.4b ... 48.3b
Si I 5701.105 4.930 −2.050 ... ... 39.3b ... 43.5b 41.5b 39.8b 31.8b ...
Si I 5772.145 5.080 −1.750 ... 36.9b 44.6b 39.1b 67.4b 53.3b 43.2b 48.4b 44.4b
Si I 5793.071 4.930 −2.060 43.7b 44.4b 42.3b 45.0b 56.3b 48.3b 42.9b 43.3b 35.1b
Si I 5948.540 5.080 −1.230 67.8b 78.5b 80.6b 76.2b 90.3b 87.2b 78.0b 73.5b 80.3b
Si I 6145.015 5.610 −1.440 27.6b ... 29.6b 31.6b ... 33.7b ... 32.7b ...
Si I 6155.134 5.620 −0.760 48.1b 57.2b 62.6b 58.3b 67.4b 61.7b 61.9b 62.0b 62.0b
Si I 6555.462 5.870 −1.400 ... ... ... 34.7b ... 27.5b 31.9b ... ...
Si I 6721.840 5.860 −0.939 ... 34.1b 34.8b 34.9b 37.7b 37.8b 27.5b ... 30.2b
Si I 6741.640 5.980 −1.750 ... ... ... 15.4b ... 13.6b 12.8b ... ...
Si I 6848.568 5.860 −1.750 ... ... 12.3b ... ... 17.4b ... ... ...
Si I 7003.567 5.960 −0.830 31.3b 40.0b 37.9b ... 44.4b ... 34.8b 35.2b 38.7b
Si I 7005.888 5.980 −0.730 53.5b 48.5b 54.8b 53.5b 68.9b 65.6b 52.9b 53.7b ...
Si I 7034.903 5.870 −0.880 38.5b 43.5b 41.0b 43.9b ... 51.5b 43.5b 38.8b 47.8b
Si I 7415.946 5.610 −0.730 54.9b 62.4b 66.4b 68.6b ... 76.0b 64.2b 66.8b 75.8b
Si I 7423.497 5.620 −0.580 61.3b 58.8b 64.7b 61.2b ... ... 68.4b 81.3b ...
Si I 7918.382 5.950 −0.690 ... 61.3b 72.4b 57.9b ... 76.6b ... 65.5b ...
Si I 7932.348 5.960 −0.470 42.3b 53.2b 48.4b 55.1b 67.0b 67.7b 59.1b 56.0b ...
Ca I 5857.451 2.930 0.230 217.2b 212.5b 195.2b 205.9b 204.8b 172.5b 160.1b 149.0b 149.0b
Ca I 5867.527 2.930 −1.460 73.2b 60.8b 53.8b 58.0b ... 32.4b 41.7b 43.9b 21.1b
Ca I 6156.023 2.520 −2.190 47.6b 36.0b 35.9b 36.4b ... 11.6b 31.2b ... ...
Ca I 6161.297 2.520 −1.030 127.1b 127.2b 121.4b 115.4b 94.8b 87.8b 109.9b 96.6b ...
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Table 1|Continued
Ion λ(A) χ (eV) log(gf) 1−45 I 1−66 1−64 1−56 1−95 1−81 1−1 1−80
Ca I 6162.173 1.900 −0.090 318.4b ... ... 276.1b 236.1b 218.9b 239.1b 222.1b 185.9b
Ca I 6166.439 2.520 −0.900 133.0b 126.8b 113.1b 126.1b 106.2b 93.7b 78.8b 91.4b 67.9b
Ca I 6169.042 2.520 −0.540 132.8b ... 140.4b 129.9b ... 114.6b 117.9b 121.1b ...
Ca I 6169.563 2.520 −0.270 164.1b 151.3b 154.8b 156.9b 131.1b 133.2b 133.3b 138.5b 59.3b
Ca I 6471.662 2.520 −0.590 169.1b 145.4b 143.6b 150.3b 134.9b 126.7b 129.5b 114.7b 93.2b
Ca I 6493.781 2.520 0.140 195.5b 176.4b 177.4b 176.9b 156.9b 157.2b 162.1b 149.0b 132.0b
Ca I 6499.650 2.540 −0.590 153.0b 141.1b 131.5b 138.6b 119.9b 114.6b 121.1b 108.3b 72.2b
Ca I 6508.850 2.520 −2.120 73.1b 46.7b 47.8b 41.8b ... ... ... ... ...
Ca I 6798.467 2.710 −2.390 50.9b ... ... 30.9b ... ... 18.3b ... ...
Ca I 7148.150 2.710 0.250 227.8b 199.0b 197.9b 200.8b 169.2b 182.9b 181.9b 163.2b 143.7b
Ca I 7202.190 2.710 −0.010 162.1b 161.5b 160.8b 165.1b 142.3b 144.6b 142.3b 135.6b ...
Ti I 5648.567 2.490 −0.252 83.8b 63.1b 62.0b 57.2b 31.5b 30.5b 47.3b 24.7b ...
Ti I 5662.160 2.320 −0.109 104.6b 92.6b 85.9b 84.3b 70.2b 50.7b 65.6b 51.8b ...
Ti I 5679.937 2.470 −0.575 68.0b 49.9b 40.9b 45.3b 29.1b 21.2b 29.8b 17.4b ...
Ti I 5689.490 2.300 −0.469 104.5b 75.7b 68.4b 73.9b ... 37.1b 55.0b 35.6b ...
Ti I 5702.690 2.290 −0.572 81.5b 62.4b ... 53.6b ... ... 38.5b ... ...
Ti I 5713.920 2.290 −0.840 75.5b 38.3b 34.9b 39.5b ... 14.1b ... ... ...
Ti I 5716.460 2.300 −0.702 79.9b 47.6b 53.3b 61.9b ... 24.1b 36.3b ... ...
Ti I 5720.480 2.290 −0.898 73.5b ... 41.6b 51.1b ... ... ... ... ...
Ti I 5739.464 2.250 −0.602 80.4b 63.7b 53.7b 63.1b ... 24.0b 39.5b 30.3b ...
Ti I 5739.982 2.240 −0.671 57.6b 41.4b 41.9b ... 12.7b 18.8b 29.3b 17.7b ...
Ti I 5766.333 3.290 0.360 56.3b 45.1b 36.8b 37.9b ... 20.1b 27.5b ... ...
Ti I 5866.452 1.070 −0.840 ... ... ... ... 134.6b 120.3b 135.9b 105.4b 60.7b
Ti I 5880.273 1.050 −2.050 136.0b 104.2b 94.7b 94.9b 61.2b 46.8b 64.4b 36.2b ...
Ti I 5903.317 1.070 −2.140 121.4b 96.7b 72.0b 88.7b ... 40.1b 60.1b ... ...
Ti I 5937.811 1.070 −1.890 141.0b 105.2b 98.0b 104.3b 56.4b 48.3b 69.8b 36.0b ...
Ti I 5941.752 1.050 −1.520 ... 136.9b 127.6b 133.5b 100.7b 75.1b 97.0b 67.4b ...
Ti I 5953.162 1.890 −0.329 147.4b 130.1b 125.7b 127.3b 83.2b 87.3b 105.6b 86.5b 41.1b
Ti I 5965.828 1.880 −0.409 141.2b 122.0b 113.5b 121.2b 96.9b 73.4b 91.0b 79.3b 32.9b
Ti I 5978.543 1.870 −0.496 137.3b 117.4b 111.4b 118.9b 81.9b 70.0b 91.7b ... 27.0b
Ti I 5999.680 2.170 −0.730 87.0b 55.6b 57.9b 66.8b ... 29.8b 49.3b ... ...
Ti I 6064.629 1.050 −1.940 ... 118.0b 110.9b 114.4b 68.0b 52.8b 79.8b 47.9b ...
Ti I 6091.174 2.270 −0.423 116.6b 92.2b 80.4b 89.7b ... 44.6b 65.0b 35.9b ...
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Ti I 6092.798 1.890 −1.380 ... 62.9b 45.2b 55.7b ... 24.4b 34.9b ... ...
Ti I 6146.220 1.870 −1.470 79.1b 46.0b 42.2b 50.9b ... 19.6b ... ... ...
Ti I 6186.150 2.170 −1.150 69.6b 38.9b 41.2b 46.6b ... 21.4b 27.6b 20.9b ...
Ti I 6258.104 1.440 −0.355 ... ... ... ... 122.8b 116.8b 129.8b 109.4b 62.7b
Ti I 6258.709 1.460 −0.240 ... ... ... ... ... 134.9b ... 121.0b 78.1b
Ti I 6261.101 1.430 −0.479 ... ... ... ... 136.5b 116.6b 136.3b 101.0b 59.6b
Ti I 6303.757 1.440 −1.570 136.3b 103.4b 94.7b 102.9b 56.0b 47.1b 66.5b 50.9b ...
Ti I 6312.220 1.460 −1.550 139.5b 110.3b 95.4b 98.2b ... 47.6b 62.6b 43.5b ...
Ti I 6497.690 1.440 −1.930 115.3b 74.6b 62.7b 72.5b ... 26.7b 37.8b 25.6b ...
Ti I 6508.140 1.430 −1.980 110.3b 63.2b 57.0b 61.9b ... 21.1b 31.0b ... ...
Ti I 6554.224 1.440 −1.220 ... ... 116.2b 98.1b 83.0b 74.2b 88.1b ... ...
Ti I 6716.680 2.490 −1.040 49.2b 26.8b 22.2b 30.1b ... ... ... ... ...
Ti I 6743.124 0.900 −1.630 ... ... ... 149.7b 102.6b 83.4b 119.2b 72.0b 21.8b
Ti I 6861.449 2.270 −0.738 95.8b 65.3b 58.8b 61.6b 32.1b 28.9b ... 33.3b ...
Ti I 7138.905 1.440 −1.590 126.6b 95.6b 94.6b 94.5b 60.5b 42.5b 60.7b 41.8b ...
Ti I 7344.690 1.460 −0.992 ... ... 147.7b ... 119.1b 108.9b 117.3b 97.4b ...
Ti I 7496.120 2.240 −1.100 88.6b 42.8b 44.1b 54.4b ... 21.4b 27.9b ... ...
Cr I 5702.320 3.450 −0.667 78.9b 64.6b 53.8b 62.8b ... ... 41.1b ... 14.3b
Cr I 5783.090 3.320 −0.500 75.1b 56.5b 58.8b 61.8b 34.9b 34.4b 46.6b 40.2b ...
Cr I 5783.890 3.320 −0.295 97.7b 85.4b 81.1b 83.3b 65.0b 50.2b 67.9b 53.0b ...
Cr I 5785.020 3.320 −0.379 67.8b 52.7b 52.3b 55.5b ... 34.6b 35.9b ... ...
Cr I 5787.960 3.320 −0.083 97.3b 85.0b 76.5b 76.6b ... 51.3b 64.5b 51.7b ...
Cr I 5843.227 3.010 −1.960 22.7b ... ... ... ... 8.8b ... ... ...
Cr I 5844.590 3.010 −1.760 28.3b ... 18.9b ... ... 14.1b ... ... ...
Cr I 6630.032 1.030 −3.560 124.7b 78.2b 75.7b 75.7b ... 29.0b 54.6b 27.8b ...
Cr I 6978.490 3.460 0.143 ... 98.2b ... ... ... ... 72.9b ... ...
Cr I 6979.800 3.460 −0.411 77.5b 61.0b 62.9b 63.3b ... 42.0b 47.6b ... ...
Cr I 7355.940 2.890 −0.285 ... 135.2b 127.3b 123.1b 100.2b 92.6b 108.1b 78.4b ...
Fe I 5646.686 4.260 −2.450 21.2d ... 16.6d ... ... ... 13.2d ... ...
Fe I 5650.020 5.100 −0.820 34.3d 35.5d ... 38.1d ... 29.2d 23.7b 33.7d ...
Fe I 5650.700 4.550 −0.860 33.1d 36.8d 34.1d 33.9d 35.1d 29.9d ... 32.2d 15.6d
Fe I 5651.470 4.470 −1.900 31.0d 28.0d 26.9d 24.0d ... 18.3d 17.6d ... 4.9d
Fe I 5652.320 4.260 −1.850 39.2d 40.0d 35.8d 36.2d ... 29.2d 29.2d 25.0d ...
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Fe I 5653.890 4.390 −1.540 47.9d 50.7d 47.5d 49.3d 48.5d 37.5d 38.7d 37.1d ...
Fe I 5661.350 4.280 −1.760 38.1b 36.9d 36.2d 32.4d 28.6b 29.2d 25.9d ... 10.3d
Fe I 5662.515 4.180 −0.570 106.4d 110.6d 107.9d 105.1d 112.5d 102.5d 97.1d 94.8d 82.2b
Fe I 5667.517 4.480 −1.500 71.4d 75.5d 71.1d 71.2d 70.5d ... 60.5b 52.1d ...
Fe I 5677.684 4.100 −2.930 27.3d ... ... ... ... 13.5d ... ... ...
Fe I 5679.020 4.650 −0.820 61.9d 62.4d 65.3d 66.0d 59.8d 59.2d 62.1d 55.9d ...
Fe I 5680.241 4.190 −2.480 31.2d 24.2d 22.7d ... ... ... ... ... ...
Fe I 5698.023 3.640 −2.580 38.3d 39.0d 34.0d 35.5d ... 23.2d 27.0d ... ...
Fe I 5701.545 2.560 −2.140 152.5d 139.1d 141.8d 137.1d 137.6d 126.5d 123.3d 107.3d 80.3b
Fe I 5705.466 4.300 −1.360 51.9d 50.4d 51.4d 60.3d ... 43.6d 50.6d ... ...
Fe I 5705.980 4.610 −0.490 87.7b 96.7b 89.6b 96.7b 96.1b 78.4b 90.2b 77.0b 64.7b
Fe I 5717.840 4.280 −1.030 74.6d 69.7b 74.9b 72.5b ... 67.8d 75.8d 65.8d ...
Fe I 5720.884 4.550 −1.900 25.6d ... 24.1d ... ... ... 23.3d ... ...
Fe I 5738.225 4.220 −2.300 22.9d 25.7d 17.8d 26.3d ... ... 13.6d ... ...
Fe I 5741.846 4.260 −1.850 41.3d 42.6b 39.9d 40.9b ... 33.4d 37.8d ... ...
Fe I 5742.961 4.180 −2.410 ... 22.5d ... 22.3d ... ... ... ... ...
Fe I 5752.042 4.550 −0.940 58.2b 65.7d 65.1d 65.4d 59.1d 60.4d 53.0d 54.0d ...
Fe I 5753.121 4.260 −0.690 85.4b 87.9d 85.0d 89.2d 96.0d 81.6d 88.5d 76.5d 66.7b
Fe I 5760.345 3.640 −2.390 51.0d 47.0d 49.3d 50.0d 40.1d 32.4d 39.6d ... ...
Fe I 5762.415 3.640 −2.180 90.8b 70.3b 67.7b 68.5b 53.6b 45.6b 52.9b 39.9b ...
Fe I 5762.990 4.210 −0.410 120.4b 112.7b 111.0b 114.5b 117.5b 105.6b 106.9b 94.1b 89.9d
Fe I 5769.335 4.610 −2.150 21.7d ... 8.9b ... ... ... 12.1d ... ...
Fe I 5775.056 4.220 −1.300 73.6d 69.8d 75.5d 67.2d 63.8d 67.7d 66.9d 63.5d ...
Fe I 5778.455 2.590 −3.430 83.4d 75.3d 72.2d 76.7d 65.7d 57.8d 56.6d 45.6d 24.5d
Fe I 5791.553 4.580 −2.070 ... ... ... 17.2d ... 15.9d ... ... ...
Fe I 5793.913 4.220 −1.600 51.7d 52.4d 47.5d 52.0d ... 37.9d 43.5d ... ...
Fe I 5805.756 5.030 −1.490 63.6d 51.1d 44.8d ... ... 34.4d 35.1d ... ...
Fe I 5806.720 4.610 −0.950 61.8d 63.3d 56.4d 60.4d ... 54.6d 57.5d 47.4d ...
Fe I 5807.782 3.290 −3.350 ... ... 28.7d 23.9d ... 24.0d 19.2d ... ...
Fe I 5809.217 3.880 −1.740 81.3d 76.5d 74.0d 75.6d 73.6d 67.9d 64.8d 67.3d ...
Fe I 5811.917 4.140 −2.330 22.8b 28.5d ... ... ... 15.6d ... ... ...
Fe I 5814.805 4.280 −1.870 41.4d 36.5b 34.3d 41.5d ... 26.3d 32.2d ... ...
Fe I 5838.370 3.940 −2.240 32.4b 36.0d 34.6d 31.6b ... 21.9b 26.6d ... ...
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Fe I 5844.917 4.150 −2.900 16.8d ... ... ... ... ... ... ... ...
Fe I 5845.270 5.030 −1.750 ... ... ... ... ... ... ... ... ...
Fe I 5849.682 3.690 −2.890 30.3d 24.5d 21.0d 28.7b ... 15.7d 19.5d ... ...
Fe I 5852.217 4.550 −1.230 89.2b 67.9b 63.7b 70.4b ... 43.7d 53.9b 38.2b 21.5d
Fe I 5853.149 1.480 −5.180 82.7b 70.6d 62.0d 68.1b ... 40.2d 44.8d 31.9d ...
Fe I 5855.090 4.610 −1.480 28.3d 29.1d ... 28.3d ... ... 28.8d 30.7d ...
Fe I 5856.080 4.290 −1.330 42.9b 46.5b 50.8d 48.4d 48.5d 36.7d 41.9d ... ...
Fe I 5858.779 4.300 −2.160 ... 24.1d 25.1d ... ... 16.4d 20.1d ... ...
Fe I 5859.596 4.550 −0.550 78.3d 80.3d 81.5d 88.9d 64.8b 74.3d 77.5d 64.9d 52.6d
Fe I 5861.107 4.280 −2.400 16.5d 17.1d ... ... ... ... 13.2d ... ...
Fe I 5862.353 4.550 −0.330 89.9d 94.8d 94.2d 93.9d 86.7b 89.2d 90.1d 85.0d 68.4d
Fe I 5873.212 4.260 −2.040 ... 30.9d 28.7d 27.1b ... 18.3d ... 21.8d ...
Fe I 5881.279 4.610 −1.740 31.0d ... 20.0d 26.7d ... 18.2d ... ... ...
Fe I 5883.813 3.960 −1.260 82.3d 89.0d 89.6d 84.7d 85.6d 80.5d 82.6b 76.4d 50.2d
Fe I 5905.690 4.650 −0.690 59.6d 70.9d 63.9d 64.6d 57.0d 58.3d 54.8d 51.5b 38.5d
Fe I 5909.970 3.210 −2.590 74.3b 77.8b 68.3b 73.6b 81.6d 57.1b 54.9b 59.5b ...
Fe I 5929.667 4.550 −1.310 49.9d 51.2d 48.7d 49.7d ... ... ... ... ...
Fe I 5930.170 4.650 −0.140 84.0d 88.3d 93.7d 87.8d 91.3d 82.6d 83.1d 79.2d 65.5d
Fe I 5934.653 3.930 −1.070 91.9b 94.9b 94.8b 89.5b 92.9d 86.4d 80.3b 78.4d 63.0d
Fe I 5940.989 4.180 −2.050 31.0d 34.1d 33.9d 25.0b ... 22.1d 21.2d ... ...
Fe I 5952.716 3.980 −1.340 80.9d 86.4d 85.7d 80.2d 80.3d ... ... 71.0d 46.4b
Fe I 5956.692 0.860 −4.500 178.3d 166.7b 161.1b 157.0b 145.1d 132.3b 139.1b 107.1d ...
Fe I 5976.787 3.940 −1.330 91.9d 88.6d 92.1d 90.4d 82.1d 82.6d 82.5d 76.4d 59.0d
Fe I 5983.688 4.550 −0.660 72.0d 87.5d 81.3d 81.3d 85.0d 69.9b ... 71.4d ...
Fe I 5984.826 4.730 −0.260 ... ... ... ... 83.0b 70.8b 63.0b 71.3b 62.8d
Fe I 6003.010 3.880 −1.030 110.7d 108.6d 112.0b 100.6d 100.1b 96.8d 95.4d 88.7d ...
Fe I 6007.968 4.650 −0.710 62.8d 60.5d 63.1d 63.3d 86.8d 59.4b 60.5b 55.6d ...
Fe I 6008.566 3.880 −0.930 112.4d ... 110.3d 111.7d ... 103.6d 104.2b 91.5d ...
Fe I 6034.033 4.310 −2.360 ... 18.5b ... 17.5b ... ... 11.5d 10.0d ...
Fe I 6054.072 4.370 −2.240 ... ... ... 15.2d ... ... ... ... ...
Fe I 6055.990 4.730 −0.370 72.0d 78.2d 79.3d 78.9d 78.1d 69.7d 74.2b 61.1d 56.4d
Fe I 6065.482 2.610 −1.410 174.9b 175.5b 176.1d 162.4b 156.7b 155.1b 157.6d 131.2b 121.0d
Fe I 6078.499 4.790 −0.330 82.6d 82.8d 79.1d 81.3d 75.7d 73.9d 76.9d 63.6d ...
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Fe I 6079.000 4.650 −1.020 50.3d 56.9d 50.7d 56.0d 51.1d 45.2d 47.1d 48.4d ...
Fe I 6089.574 5.020 −0.900 72.2d 61.8d 57.9d 58.4d ... 47.0d 51.8d 50.4d ...
Fe I 6093.670 4.610 −1.400 ... 40.4d 38.4d 42.9d ... 32.3d 32.8d 35.9d 19.5d
Fe I 6094.370 4.650 −1.840 23.2d 25.6d 20.1d ... 26.4d 18.9d ... ... ...
Fe I 6096.662 3.980 −1.830 ... 62.1d 60.7d 64.3d 53.2d 46.4d 54.0d ... ...
Fe I 6105.150 4.550 −1.970 ... ... ... 21.2d ... ... ... ... ...
Fe I 6136.615 2.450 −1.410 193.7b 189.8b ... 175.7b ... 164.7b ... ... 125.9b
Fe I 6136.993 2.200 −2.930 148.5b 138.0b 134.9b 127.1d 127.1d 112.5d 108.3d 94.7d ...
Fe I 6137.694 2.590 −1.350 175.9b 174.6b 171.5b 165.6b 168.5b 160.0b 157.0b 136.8b 120.2d
Fe I 6151.617 2.180 −3.370 135.8d 119.7d 122.1b 119.2b 111.2b 100.6b 103.1b 82.8d 55.4d
Fe I 6157.725 4.070 −1.160 95.9d 94.6d 91.7d 91.5d 88.7b 77.5d 86.7d 72.9d ...
Fe I 6159.370 4.610 −1.920 27.7d 21.8d 17.7d 22.6d ... 11.2d 16.6d ... ...
Fe I 6165.361 4.140 −1.470 65.3d 65.7d 70.6d 70.0d 59.6d 53.6d 59.8d 52.5d ...
Fe I 6173.340 2.220 −2.880 121.9b 136.9b 135.6d ... 115.4d 101.8b 114.1b 98.2b 75.0d
Fe I 6180.203 2.730 −2.650 103.4d ... 101.3b ... 90.1b 81.2b 83.3b ... ...
Fe I 6187.987 3.940 −1.620 71.3d 75.2d 75.8d 72.1d 70.3d 62.0d 60.5d 52.1d ...
Fe I 6191.558 2.430 −1.420 ... 198.3b ... ... 167.1b 169.3d 171.5d 149.1b ...
Fe I 6200.314 2.610 −2.370 141.5b 139.2b 132.3b 133.5d 133.9d 117.3d 118.0d 101.1d ...
Fe I 6213.429 2.220 −2.480 157.5b ... 157.4b 151.4b ... 142.5d ... 132.8d ...
Fe I 6240.645 2.220 −3.170 119.2d 115.5d 109.6d 108.2d 112.5d 93.0d 97.4d 79.4d 50.0d
Fe I 6246.317 3.600 −0.880 122.2d 136.5d 133.5d 130.0d 136.4d 121.9d 120.3d 111.6d 94.7d
Fe I 6252.554 2.400 −1.770 178.8b 188.7d 181.5d 178.2b 172.0b 165.0d 167.0d 146.3d 124.9d
Fe I 6254.256 2.280 −2.430 158.7b 169.3d 160.6d 160.6d 157.1d 148.0b 148.2d 128.5d ...
Fe I 6265.131 2.180 −2.540 155.1b 160.5d 159.0d 156.3d 141.3b 141.6d 151.6b 115.3b 97.8d
Fe I 6271.276 3.330 −2.700 62.6d 52.2d 54.2d 57.0d 39.2d 41.2d 47.0d 42.9d ...
Fe I 6290.974 4.730 −0.730 65.0d 68.2d 67.1d 69.3d 70.9b 60.1d 57.5d 53.0d 66.3b
Fe I 6297.792 2.220 −2.640 150.5b 155.5d 145.7d 137.9d 139.6d 124.2d 131.1b 114.0d 79.0d
Fe I 6301.508 3.650 −0.718 133.9d 136.2d 139.5d 142.5d 131.1b 124.6d 126.8d 108.5d 95.6d
Fe I 6302.499 3.690 −1.110 105.2b ... 108.4b 106.8d 111.8b 93.6b 98.6b 103.8d 64.0b
Fe I 6311.500 2.830 −3.140 72.4b 64.3b 66.4d 67.2b ... 50.9b 57.3b 44.9b 46.3d
Fe I 6315.314 4.140 −1.230 96.0d 95.8d 89.7d ... 91.5d 86.2d 85.0d ... ...
Fe I 6315.809 4.070 −1.610 59.5d 69.0d 61.4d 62.3d ... 50.3d 51.1d 50.8d ...
Fe I 6318.072 2.450 −1.070 177.9d 164.6b 164.3d 159.4b 155.2d 144.2b 146.5d 123.0b ...
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Fe I 6322.690 2.590 −2.470 147.0b 135.5b 139.7b 134.6d 134.7b 123.7d 119.5b ... ...
Fe I 6355.027 2.840 −2.290 120.6b 122.8b 123.6b 113.7b 121.0b 102.1b 96.9b 90.7b ...
Fe I 6358.693 0.860 −4.470 207.7d 193.6d 184.2d 179.2d 164.9d 153.2d 161.9d 131.7d 94.9d
Fe I 6380.746 4.190 −1.380 76.1d 71.5d 75.4d 73.6d 62.6b 57.6d 63.1d 52.8d 37.2d
Fe I 6392.538 2.280 −3.990 85.0d 77.5d 73.8d 73.2d 58.6d 46.7d 55.8d 39.6d 11.1d
Fe I 6393.602 2.430 −1.580 186.5b 191.1b 186.8b 182.2b 164.8b 160.0b 172.7d 149.8d 127.4d
Fe I 6408.026 3.690 −1.020 113.5b 121.3d 119.0d 119.7d 115.3d 103.1b 105.1d 99.1b 81.7d
Fe I 6411.647 3.650 −0.720 149.2d 146.8d 147.5b 135.1d 135.9b 131.0d 134.5b 129.0d 100.6d
Fe I 6421.349 2.280 −2.010 192.9b 185.5b 180.1d 179.5b 168.2b 161.5b 168.0d 131.7b 124.4d
Fe I 6430.844 2.180 −1.950 194.9b 195.1b 188.6d 175.8b 192.1d 167.5b 161.1b 153.2d ...
Fe I 6469.210 4.830 −0.730 83.8d 78.5b 76.4d 78.4b 68.8d 60.5b 61.7b 50.8d ...
Fe I 6475.626 2.560 −2.940 124.5d 114.3d 116.1d 110.7d 99.8b 98.4b 97.8d 89.5d ...
Fe I 6481.869 2.280 −3.010 141.3d 136.6b 131.4d 132.0d 120.1d 116.1d 116.6b 95.0d 70.9d
Fe I 6483.940 1.480 −5.340 51.0d 45.1d 33.7d 42.7d ... 23.1d ... ... ...
Fe I 6494.980 2.400 −1.240 205.3b 198.8b 202.0b 199.1b 183.2b 184.5b 179.4b 163.1b 143.2b
Fe I 6495.737 4.830 −0.840 50.9d ... 43.3d 42.5d ... 37.3d 38.2d ... ...
Fe I 6498.937 0.960 −4.690 181.9d 166.2b 159.1b 156.1d 141.7b 126.4d 134.4b 107.9d 63.8b
Fe I 6533.930 4.560 −1.360 48.3d 47.7d 45.8d 51.6d ... 36.0d 46.3b 34.3d ...
Fe I 6546.239 2.760 −1.540 194.8d 180.7b 169.9d 170.6d 148.7b 154.1d 147.9b 138.2d 106.5d
Fe I 6551.676 0.990 −5.770 99.0b 71.3b 64.2b 61.1b ... 37.2d ... 38.1d ...
Fe I 6593.871 2.430 −2.370 157.3d 157.4d 150.5d 150.3d 131.6b 136.4d 131.9d 111.9d 93.3d
Fe I 6608.024 2.280 −3.930 84.7b 79.6d 72.5d 70.9d 59.0d 52.7d 55.1d ... ...
Fe I 6609.110 2.560 −2.660 140.2d 137.4b 132.8d 128.4d 111.9d 118.8b 118.6b 95.1d 64.9d
Fe I 6625.021 1.010 −5.370 154.6b 117.8b 106.9b 110.0b 93.1d 69.2b 78.9b 56.4d ...
Fe I 6627.540 4.550 −1.580 37.2d 35.9d 37.8d 39.7d ... 29.3d 32.4d ... ...
Fe I 6633.750 4.790 −0.800 76.5d 78.1d ... 77.5d 67.0b 66.6d ... ... ...
Fe I 6646.932 2.610 −3.960 53.1d 42.3d 46.4b 48.7d ... 26.0d 31.7b 26.0d ...
Fe I 6648.121 1.010 −5.920 99.0d 77.5d 77.5d 74.6d 60.2d 47.1d 44.4b ... ...
Fe I 6713.770 4.790 −1.500 ... 24.1d 25.3d 25.0d ... 21.9d ... ... ...
Fe I 6715.383 4.610 −1.540 41.2d 40.2d 35.2d 36.3d ... 26.9d 26.9d ... 11.5d
Fe I 6716.220 4.580 −1.850 ... 28.7d ... ... ... ... ... ... ...
Fe I 6725.353 4.190 −2.250 32.6d 37.3d 29.5d 35.4d 25.4d 24.2d 25.1d ... ...
Fe I 6726.673 4.610 −1.070 53.2d 44.4b 56.8d 54.7d ... 49.2d 49.1d 46.9d ...
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Table 1|Continued
Ion λ(A) χ (eV) log(gf) 1−45 I 1−66 1−64 1−56 1−95 1−81 1−1 1−80
Fe I 6733.150 4.640 −1.480 42.3d 37.4d 34.6d 37.6d 21.0d 29.7d 31.7d 25.5d ...
Fe I 6739.520 1.560 −4.790 94.8d 82.0d 79.8b 76.8d 61.1b 53.6b 59.0d ... ...
Fe I 6745.090 4.580 −2.120 ... ... 17.9d ... ... ... ... 14.6d ...
Fe I 6746.953 2.610 −4.300 35.3d 30.1d 24.2d 30.0d ... 14.8d 20.2d ... ...
Fe I 6750.150 2.420 −2.580 158.2d 153.6b 151.0b 144.7b 134.2d 129.3b 132.7b 118.4b 86.3d
Fe I 6752.705 4.640 −1.200 ... ... ... 50.0d 32.3b 31.9b 42.9d 32.0d ...
Fe I 6783.707 2.590 −3.920 67.7d 51.5d 51.1d 57.4d 46.3d 38.4d 37.8d 28.6d ...
Fe I 6786.856 4.190 −1.970 ... 48.9d 36.5d 45.9d 41.5d 32.7d 36.3d ... ...
Fe I 6796.122 4.140 −2.490 38.6d 29.3d ... ... ... 21.8d 19.6d ... ...
Fe I 6801.849 1.610 −5.870 41.1d 28.6d ... 35.8d ... ... ... ... ...
Fe I 6839.831 2.560 −3.350 ... ... ... ... ... ... ... ... 29.1d
Fe I 6842.680 4.640 −1.220 57.5d 42.8d 43.8d 45.3d 43.5d 38.1d 39.0d 33.8d ...
Fe I 6843.648 4.550 −0.830 66.2d 67.4d ... 62.7b 61.3d 65.6d ... ... 46.3d
Fe I 6851.634 1.610 −5.280 61.5d 51.3d 40.3d 46.1d ... 23.8d 28.0d ... ...
Fe I 6855.180 4.560 −0.740 78.5d 85.6d 87.2d 84.1d 97.9b 81.0d 78.1d 69.3d 58.5d
Fe I 6855.707 4.610 −1.780 40.9d 31.7d 35.2d ... ... 27.8d 28.9d 25.7d ...
Fe I 6858.145 4.610 −0.930 69.5d 60.0d 61.8d 62.1d 63.4d 53.4d 56.5d 60.4d 31.3d
Fe I 6861.950 2.420 −3.850 88.4b 73.2d 73.8d 80.7b ... 60.5d 56.8d 45.0d ...
Fe I 6862.492 4.560 −1.470 44.4d 40.9d 38.3d 40.9d 31.9d 30.9d 34.3d 30.1d ...
Fe I 6864.313 4.560 −2.260 ... ... ... 10.9d ... ... ... ... ...
Fe I 6916.678 4.150 −1.350 82.6b 79.4d 77.2d 80.9d 82.7d 70.5d 77.3d 55.0d 42.1d
Fe I 6978.850 2.480 −2.450 159.7b 150.6b ... 143.9b 131.3b 129.3d ... ... ...
Fe I 6988.523 2.400 −3.560 110.3d 101.0b 94.8b 89.6d 83.0b 76.8b 80.1b 65.0d ...
Fe I 6999.878 4.100 −1.460 82.0b 72.6d 77.1d 84.7b 65.1d ... 70.2b 53.4d 53.2d
Fe I 7000.618 4.140 −2.390 40.5d 35.5d ... 35.2d 22.9d 27.9d 27.6d ... ...
Fe I 7007.963 4.180 −1.960 65.7d 53.1d 45.9d 51.7d 38.4d 32.6d 43.0b 36.1d ...
Fe I 7010.330 4.580 −1.950 29.9d 25.5d 27.3d 18.9d ... 23.2d ... 25.9d ...
Fe I 7014.985 2.450 −4.200 64.4d 49.4d 42.0d 46.0d ... ... 30.9d ... ...
Fe I 7022.388 4.300 −2.230 13.8d ... 9.4d 16.7d ... ... 9.3d ... ...
Fe I 7022.953 4.190 −1.150 89.3d 87.1d 90.6b 87.5b 87.9b 73.8b 82.6b 67.8b ...
Fe I 7038.220 4.220 −1.200 89.2d 83.0d 85.0d 86.9d 79.6b 70.5d 68.5b 66.7b 43.4b
Fe I 7068.402 4.070 −1.280 81.5b 69.0b ... 75.1b ... 82.8d ... ... ...
Fe I 7114.549 2.690 −4.000 51.7d 38.0d ... 36.0d 29.9d 27.5d 26.5d ... ...
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Table 1|Continued
Ion λ(A) χ (eV) log(gf) 1−45 I 1−66 1−64 1−56 1−95 1−81 1−1 1−80
Fe I 7127.573 4.990 −1.180 46.1d 28.1d ... ... ... ... ... ... ...
Fe I 7130.922 4.220 −0.750 120.9d 103.1d 111.1d 111.2d 104.7d 100.0b 104.0d 83.2b 76.7d
Fe I 7132.979 4.070 −1.630 75.7d 61.5d 61.0d 64.8d 46.8b 52.1d 53.7d 55.9d 19.8d
Fe I 7142.517 4.950 −1.030 41.4d 36.0d 39.9b 36.1d ... 38.6d 31.9d 26.1d ...
Fe I 7151.470 2.480 −3.660 99.3d 88.7d 91.6d 86.7d 87.9b 74.7d 69.0b 56.5b ...
Fe I 7179.993 1.480 −4.750 123.9d 107.8d 100.6d 106.4b 87.9d 70.2d 83.6b 57.7b ...
Fe I 7181.198 4.220 −1.250 96.7d 88.5b ... 77.6d 78.4b 70.4d 72.9d ... 47.1b
Fe I 7189.151 3.070 −2.220 99.3d 86.5d 90.4d 86.4d 82.4d 64.7b 75.2d 59.0d ...
Fe I 7284.838 4.140 −1.700 ... 63.2d 62.5d 63.0b ... 48.4d 48.6d ... ...
Fe I 7285.273 4.610 −1.660 44.3d 36.5d 37.2d 34.6d ... 28.3d 33.7d ... ...
Fe I 7288.741 4.220 −1.280 ... ... ... 86.8b ... 84.5b 83.7d 79.7d ...
Fe I 7306.556 4.180 −1.690 65.7d 62.3d 61.0d 63.4b 51.2d 53.4d 55.9b 47.6d 28.7d
Fe I 7351.113 4.000 −1.000 ... ... 52.5d 33.9d ... 52.5d 32.6d ... ...
Fe I 7351.519 4.950 −0.850 43.4d 45.8d 40.3d 49.1d ... 44.1d 38.7d ... ...
Fe I 7411.162 4.280 −0.280 125.2d 123.6d 124.5d 110.9b 131.9d 119.2d 110.1d 105.7b 90.6d
Fe I 7418.668 4.140 −1.380 70.2d 64.7d 71.8d 62.8d 66.4d 67.4d 59.0d 62.0d 37.1d
Fe I 7421.554 4.640 −1.750 18.9d 23.6d 22.7d 26.3d ... 16.2d 21.0d ... ...
Fe I 7440.919 4.910 −0.720 53.7b ... ... ... 59.7d 50.8b 36.1b 45.0d 31.6d
Fe I 7443.019 4.190 −1.780 57.0d 51.2d 60.6d 52.1b ... 48.2b 46.9d 37.9d ...
Fe I 7445.746 4.260 0.030 138.4b 138.2d 137.8d 137.6d 132.0b 125.1b 126.2d 114.0d ...
Fe I 7447.400 4.950 −1.090 40.0d 36.8d 41.6d 42.3d ... 31.5d 34.5d ... ...
Fe I 7447.912 5.520 −0.900 ... ... ... 21.7d 14.6d ... 14.5d ... ...
Fe I 7454.001 4.190 −2.370 30.8d 26.7d 24.9d ... ... 23.4d 17.5d ... ...
Fe I 7461.521 2.560 −3.530 101.7d 84.7d 84.2d 86.2d 59.0b 67.3d 66.8d 53.7d ...
Fe I 7473.552 4.610 −1.830 24.8b ... ... ... ... ... 16.2d ... ...
Fe I 7481.931 4.790 −1.760 ... 28.6b ... 32.7b ... ... ... ... ...
Fe I 7491.652 4.300 −1.070 ... 79.3b 83.7d 81.2b 77.3b 81.3d 74.9d 72.8d 47.0d
Fe I 7495.059 4.220 0.230 126.6b 136.0b 143.6b 141.3b 125.4b 145.2d 138.9d 130.4d 106.7b
Fe I 7498.530 4.140 −2.220 ... ... 30.8d ... ... ... ... ... ...
Fe I 7507.273 4.410 −1.130 75.3d 70.5d 78.4d 78.5d ... 78.6d 59.0d ... ...
Fe I 7568.906 4.280 −0.940 89.9b 90.3d 88.4d 83.3b 82.5d 82.0d 79.9d 68.8d 57.0d
Fe I 7583.787 3.020 −1.890 150.2d 140.3d 138.8b 136.5d 117.9d 127.9b 122.2b 103.5d 80.0d
Fe I 7586.040 4.310 −0.130 134.0d 129.7d 129.5d 123.0d 116.0d 124.2d 108.3d 97.1d 90.5d
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Table 1|Continued
Ion λ(A) χ (eV) log(gf) 1−45 I 1−66 1−64 1−56 1−95 1−81 1−1 1−80
Fe I 7588.309 5.030 −1.210 32.1b 27.1d 28.0b 25.6d 39.9d 26.6d 24.6d ... ...
Fe I 7742.722 4.990 −0.420 50.5d ... 58.7d 57.7b 64.6b 62.7b 54.2d 54.1d ...
Fe I 7746.605 5.060 −1.340 ... 19.7d ... 24.5d ... ... ... 19.2d ...
Fe I 7748.274 2.950 −1.750 158.0d 152.6d 174.9b 143.4d 152.0d 151.7d 140.1d 128.6d 96.9b
Fe I 7751.116 4.990 −0.850 54.3b 48.4b 47.2b 55.2d ... 37.7d 41.7d ... ...
Fe I 7780.568 4.470 −0.040 124.1d 125.3d 129.2b 116.2d ... 127.4b 113.8d 97.0d 91.5d
Fe I 7802.510 5.080 −1.440 20.5d 17.3d ... ... ... ... 16.2d ... ...
Fe I 7807.916 4.990 −0.620 54.5d 57.8d 63.9d 58.2d ... 63.8d 54.9d ... ...
Fe I 7832.220 4.430 0.120 127.6d 128.2d 138.5d 136.5d 139.6b 139.4d 128.7b 119.6b ...
Fe I 7912.864 0.860 −4.850 199.1b 169.5b 163.7b 156.4b 144.7b 137.9d 142.8b 116.8d ...
Fe I 7941.094 3.270 −2.290 85.0d 76.7b 85.6b 76.4d 78.5d 77.5b 63.2d 51.4d ...
Fe I 7945.858 4.390 0.310 133.5b 135.8b 132.6d 127.3b 129.7b 133.6d 116.5b 106.9b ...
Fe II 5991.380 3.150 −3.570 28.0b ... 27.9b ... ... 36.5b ... 29.5b ...
Fe II 6084.110 3.200 −3.800 21.1b ... ... ... ... 24.6b ... ... ...
Fe II 6149.260 3.890 −2.690 ... ... ... ... ... 34.9b 25.2b ... 35.3b
Fe II 6247.560 3.890 −2.360 ... 37.0b 34.2b 33.6b 45.5b 43.5b 37.1b 45.6b 57.1b
Fe II 6369.460 2.890 −4.200 25.0b 22.2b ... 24.4b ... 22.1b 14.0b ... ...
Fe II 6416.920 3.890 −2.690 32.9b 38.0b 31.5b 38.2b ... 35.1b 30.0b 35.4b 36.6b
Fe II 6432.680 2.890 −3.590 ... 38.3b 39.6b ... ... 49.6b 39.1b 44.6b 45.2b
Fe II 6516.080 2.890 −3.450 42.3b 51.2b 47.2b 46.6b 62.2b 55.8b 43.9b 45.0b 59.0b
Fe II 7449.340 3.890 −3.310 27.0b 18.2b 23.5b 18.5b ... ... ... ... ...
Ni I 5682.199 4.100 −0.469 51.5b 59.0b 59.2b 58.6b 64.2b 53.5b 55.3b 56.7b ...
Ni I 5748.351 1.680 −3.260 104.0b 99.2b 88.8b 88.7b 88.2b 70.4b 76.5b 65.3b 33.7b
Ni I 5749.297 3.940 −1.990 ... ... ... 15.6b ... ... ... ... ...
Ni I 5760.830 4.100 −0.805 47.4b 45.7b ... 45.9b 45.8b 39.7b 34.6b ... ...
Ni I 5796.092 1.950 −3.690 64.8b 49.3b 48.4b 53.3b ... 30.7b 32.6b 28.7b 5.9b
Ni I 5846.994 1.680 −3.210 100.7b 76.7b 88.6b 92.0b 88.4b 67.0b 72.4b 53.2b 24.8b
Ni I 5892.872 1.990 −2.340 131.7b 133.3b 133.2b 132.0b 115.6b 114.1b 112.0b 96.1b 83.2b
Ni I 6007.310 1.680 −3.340 90.6b 92.8b 82.5b 80.7b ... 74.4b 69.6b ... ...
Ni I 6053.685 4.230 −1.070 ... 27.7b ... 22.4b ... 20.4b 27.5b ... 7.9b
Ni I 6086.282 4.260 −0.515 40.7b 47.1b 45.2b 47.9b ... 40.9b ... 37.8b 23.0b
Ni I 6108.116 1.680 −2.440 146.5b 140.6b 142.2b 140.1b 125.0b 122.8b 120.8b 104.6b ...
Ni I 6175.367 4.090 −0.535 58.0b 58.7b 57.7b 59.2b 53.7b 50.3b 49.0b 48.0b ...
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Table 1|Continued
Ion λ(A) χ (eV) log(gf) 1−45 I 1−66 1−64 1−56 1−95 1−81 1−1 1−80
Ni I 6176.811 4.090 −0.529 74.1b ... 71.1b 77.4b ... 64.0b 73.3b 63.9b ...
Ni I 6177.242 1.830 −3.510 75.8b 63.2b 66.1b 65.2b ... 44.4b 50.5b 40.5b 19.9b
Ni I 6186.711 4.100 −0.965 49.9b 41.0b 36.6b 42.0b 35.2b 29.0b 32.6b ... ...
Ni I 6204.604 4.090 −1.140 ... 36.9b 32.8b 32.1b 41.9b 29.4b 27.5b 35.2b ...
Ni I 6322.166 4.150 −1.170 21.5b ... 22.6b ... ... 15.9b 24.6b ... ...
Ni I 6360.818 4.170 −1.150 34.4b ... 23.7b ... ... 19.4b ... ... ...
Ni I 6370.346 3.540 −1.940 32.5b 26.4b 28.4b 29.0b 22.1b ... 21.7b 21.1b ...
Ni I 6378.250 4.150 −0.899 47.8b 41.2b 43.0b 42.9b 36.7b 32.8b 33.2b ... ...
Ni I 6482.798 1.930 −2.630 124.7b 114.5b 109.7b 109.5b 95.5b 91.8b 91.2b 72.8b ...
Ni I 6598.598 4.230 −0.978 30.9b ... 31.1b 31.8b 24.1b 27.5b 23.6b 26.4b ...
Ni I 6635.122 4.420 −0.828 30.2b 29.6b 31.5b 26.7b 26.0b 24.9b 22.6b 18.6b ...
Ni I 6643.630 1.680 −2.300 187.3b 183.9b 179.3b 168.0b 159.1b 147.6b 158.4b 136.7b 108.1b
Ni I 6767.772 1.830 −2.170 168.1b 162.1b 149.1b 150.7b 140.8b 128.6b 132.9b 117.9b 95.0b
Ni I 6772.315 3.660 −0.987 73.1b 62.4b 68.3b 64.5b 65.5b 60.8b 60.6b 56.4b ...
Ni I 6842.037 3.660 −1.470 51.7b 40.0b 38.2b 43.1b 33.9b 36.9b 37.7b 31.8b ...
Ni I 7030.011 3.540 −1.730 38.2b 42.3b 33.8b 37.5b ... 25.2b 27.5b ... ...
Ni I 7062.956 1.950 −3.500 91.6b 71.6b 62.1b 74.8b 58.3b 48.5b 49.7b ... 7.5b
Ni I 7122.197 3.540 0.048 128.9b 128.5b 127.6b 126.9b 129.0b 126.0b 112.9b 102.7b 96.6b
Ni I 7197.010 1.930 −2.680 143.0b 147.3b 145.1b 133.1b 148.9b 122.1b 126.5b 114.6b 66.6b
Ni I 7261.918 1.950 −2.700 146.3b 125.1b 150.3b 120.6b 130.5b 124.4b 115.0b 114.4b ...
Ni I 7327.648 3.800 −1.770 37.0b 32.8b ... 35.8b ... 33.8b ... 23.2b ...
Ni I 7409.350 3.800 −0.100 ... ... ... ... ... ... ... ... ...
Ni I 7414.502 1.990 −2.570 154.7b 147.1b 138.0b 134.6b 122.0b 119.7b 119.1b 90.6b 68.3b
Ni I 7422.275 3.630 −0.129 127.5b 119.1b 126.3b 117.7b 119.9b 122.8b 111.9b 101.2b 86.5b
Ni I 7574.048 3.830 −0.580 83.1b 85.1b 78.7b 78.3b 78.5b 75.8b 73.2b 68.1b 48.0b
Ni I 7748.890 3.700 −0.130 112.4b 111.6b 113.5b 123.6b 110.4b 117.1b 100.5b 93.8b 75.0b
Ni I 7788.930 1.950 −2.420 177.7b 162.1b 172.6b 164.0b 149.8b 156.5b 149.4b 125.2b 95.4b
Ni I 7797.590 3.900 −0.180 91.7b 96.0b 101.3b 94.2b 98.0b 100.7b 87.6b 74.7b ...
Ni I 7826.770 3.700 −1.950 30.6b 33.6b ... ... 36.4b ... ... ... ...
Ni I 7917.440 3.740 −1.500 ... ... ... 49.6b ... ... 31.5b ... ...
aAvailable electronically
bLine identied automatically
cLine identied by hand
dFe I line identied automatically and used to nd λD−Wλ relations
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Table 2. Correction factor for solar gf-values
Ion # common lines Correction
between NIST & solar Factora
Ca I 12 +0.33
Ti I 30 +0.05
Cr I 11 +0.05
Ni I 33 +0.05
agf(used) = gf(Thevenin) + Correction Fac-
tor
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Table 3. Abundance Ratios
Stara Teff N(O I) [O/Fe] N(NaI) [Na/Fe] N(SiI) [Si/Fe] N(CaI) [Ca/Fe] N(
1{45 3950 2 0.220.10 4 0.480.08 12 0.220.05 15 {0.010.07
I 4150 4 0.310.08 4 0.120.07 14 0.170.05 12 0.060.07
1{66 4250 5 0.190.12 4 0.310.07 17 0.180.05 13 0.040.06
1{64 4200 5 0.400.07 4 0.150.07 16 0.270.05 15 0.050.06
1{56 4525 2 {0.020.11 4 0.200.07 10 0.170.06 10 0.030.07
1{95 4550 4 0.180.14 4 0.110.07 17 0.250.04 13 0.030.06
1{81 4550 4 0.270.08 4 0.140.07 16 0.090.05 14 0.080.06
1{1 4700 3 0.120.07 4 0.260.07 14 0.150.04 12 0.150.06
1{80 5300 3 0.490.16 4 {0.090.11 10 0.270.05 9 0.050.12
1{87 5300 4 0.260.12 4 {0.040.07 16 0.250.04 12 0.050.08
1{94 5300 5 0.570.07 4 {0.010.08 13 0.390.04 10 0.000.06
1{60 4900 5 0.610.08 4 {0.080.07 12 0.360.04 11 0.060.06
1{59 4600 3 0.370.11 4 {0.010.07 16 0.320.04 12 0.040.06
4543 4900 5 0.290.12 4 0.030.07 18 0.180.05 15 0.020.06
2{160 5100 2 {0.110.13 3 0.200.07 17 0.070.04 13 0.060.06
4707 5175 4 0.300.08 4 0.020.07 17 0.130.04 12 0.070.06
4647 5050 4 0.200.13 4 0.030.07 13 0.140.05 12 0.020.07
4703 5000 2 0.250.09 4 0.240.07 16 0.260.04 13 {0.050.06
4612 5150 3 0.280.07 4 0.090.08 4 0.030.08 9 0.050.06
4539 5150 4 0.230.09 4 {0.060.07 17 0.160.05 11 {0.040.06
4709 5200 2 0.240.07 4 {0.020.07 11 0.190.04 11 0.070.07
4628 5100 3 0.260.07 4 0.160.07 15 0.260.04 10 {0.030.06
4431 5800 3 {0.100.10 4 0.170.07 5 0.120.06 11 {0.020.06
4624 5800 3 0.130.07 4 {0.190.27 4 0.160.09 8 {0.060.07
4435 5900 3 0.280.12 3 0.030.14 0 ... 8 0.010.10
aNames of stars from Arp & Hartwick (1971) or based on coordinates, the latter then abbreviated star names a
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Table 4. Mean Abundance Ratios and Scatter
<[Z/Fe]> Scatter
(dex) (dex)
O I +0.270.17 0.17
Na I +0.110.15 0.11
Si I +0.210.09 0.09
Ca I +0.030.05 0.05
Ti I +0.360.08 0.08
Cr I +0.060.09 0.09
Ni I +0.130.06 0.03
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Table 5. Sensitivity of Abundance on Stellar Parameters
Teff log(g) ξ [Fe/H]
+ 100 K + 0.2 dex + 0.2 km s−1 + 0.2 dex
O I :
4250/1.0/1.0a {0.20 0.09 {0.02 {0.01
5000/2.5/1.0a {0.11 0.07 {0.01 0.02
5500/4.0/1.0a {0.08 0.05 {0.01 0.02
[O I]:
4250/1.0/1.0a {0.02 0.08 {0.01 {0.07
5000/2.5/1.0a 0.02 0.09 {0.01 {0.07
Si I :
4250/1.0/1.0a {0.05 0.04 {0.03 {0.03
5000/2.5/1.0a 0.01 0.01 {0.02 {0.01
5500/4.0/1.0a 0.02 0.00 {0.01 {0.01
Na I :
4250/1.0/1.0a 0.10 {0.02 {0.08 0.01
5000/2.5/1.0a 0.08 {0.02 {0.03 0.01
5500/4.0/1.0a 0.06 {0.01 0.00 0.01
Ca I :
4250/1.0/1.0a 0.12 {0.02 {0.11 0.00
5000/2.5/1.0a 0.09 {0.04 {0.06 0.00
5500/4.0/1.0a 0.08 {0.06 {0.02 {0.01
Ti I :
4250/1.0/1.0a 0.15 0.00 {0.08 0.01
5000/2.5/1.0a 0.12 {0.01 {0.03 0.01
5500/4.0/1.0a 0.10 {0.01 {0.01 0.01
Cr I :
4250/1.0/1.0a {0.11 0.00 {0.09 0.01
5000/2.5/1.0a {0.09 {0.01 {0.03 0.01
Ni I :
4250/1.0/1.0a 0.02 0.04 {0.10 {0.04
5000/2.5/1.0a 0.07 0.01 {0.06 {0.01
5500/4.0/1.0a 0.06 0.00 {0.02 {0.01
aTeff/log(g)/ξ
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Fig. 1.| The dierence between the oxygen abundance ratio from the forbidden and permitted
lines is shown as a function of Teff . The solid line is a linear t weighted by the errors. The O
abundances subsequently deduced from the permitted lines are corrected by the linear t shown
here. The RHB stars are marked with open circles.
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Fig. 2.| [O/Fe] against Teff . The solid line is a linear t weighted by the errors. The dashed line
indicates the mean abundance ratio with its respective error plotted as an error bar at 3925 K. The
RHB stars are marked by open circles. Stars 1{60 and 2{160, which represent the extremes of the
O abundance in our M71 sample, are marked with open squares.
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Fig. 3.| [Na/Fe] against Teff . The symbols are the same as in Figure 2. Stars 1{60 and 2{160,
which represent the extremes of the O abundance in the M71 sample, are marked with open squares.
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Fig. 4.| [Si/Fe] against Teff . The symbols are the same as in Figure 2.
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Fig. 5.| [Ca/Fe] against Teff . The symbols are the same as in Figure 2.
{ 30 {
Fig. 6.| [Ti/Fe] against Teff . The symbols are the same as in Figure 2.
{ 31 {
Fig. 7.| [Cr/Fe] against Teff . The symbols are the same as in Figure 2.
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Fig. 8.| [Ni/Fe] against Teff . The symbols are the same as in Figure 2.
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Fig. 9.| Comparison of the strength of four Na I and two O I lines between two stars of sim-
ilar eective temperatures, 1{60 (4900 K, [Na/Fe]={0.08, [O/Fe]=+0.61) and 2{160 (5100 K,
[Na/Fe]=+0.20, [O/Fe]={0.11). The scatter shown by [Na/Fe] and [O/Fe] is due to real abun-
dance variations among stars of dierent Teff .
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Fig. 10.| [Na/Fe] against [O/Fe] for M71 stars. Filled triangles are RG stars brighter than the
HB, lled squares are RG stars fainter than the HB, lled circles are HB stars, "stars" are stars near
the main sequence TO, and open circles are giants stars from the abundance analysis of Sneden et
al. (1994).
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Fig. 11.| [Na/Fe] against [O/Fe] for M71 stars and other globular clusters from the literature.
Filled symbols are our measurements (same as Figure 9). Open circles are literature determinations:
47 Tuc (Brown et al. 1990; Brown & Wallerstein 1992), M4 (Ivans et al. 1999), M5 (Ivans et al.
2001), NGC 6752 (Gratton et al. 2001), M3 (Kraft et al. 1993), M10 (Kraft et al. 1995), M13 (Kraft
et al. 1993), and NGC 6397 (Gratton et al. 2001).
